Recent experiments with combinatorial libraries of de novo proteins have demonstrated that sequences designed to contain polar and non-polar amino acid residues arranged in an alternating pattern form ®brillar structures resembling b-amyloid. This ®nding prompted us to probe the distribution of alternating patterns in the sequences of natural proteins. Analysis of a database of 250,514 protein sequences (79,708,024 residues) for all possible binary patterns of polar and non-polar amino acid residues revealed that alternating patterns occur signi®cantly less often than other patterns with similar compositions. The under-representation of alternating binary patterns in natural protein sequences, coupled with the observation that such patterns promote amyloid-like structures in de novo proteins, suggests that sequences of alternating polar and non-polar amino acids are inherently amyloidogenic and consequently have been disfavored by evolutionary selection.
The two common types of secondary structure in proteins each have a distinct structural periodicity. For a-helices the periodicity is 3.6 residues per repeat, while for b-strands it is $2 residues per repeat (Creighton, 1993) . Consequently, for a segment of secondary structure to present one face that is entirely hydrophilic and an opposing face that is entirely hydrophobic, this inherent structural periodicity must be matched by a corresponding periodicity of polar and non-polar amino acids in the linear sequence of the polypeptide. Hence, for amphiphilic b-strands the sequence periodicity of polar (*) and non-polar (*) amino acids must be arranged with an alternating pattern ( . . . ******* . . . ), whereas for amphiphilic a-helices, the sequence periodicity must place a non-polar residue every three or four positions (e.g. **************).
Amphiphilic secondary structures composed of appropriately patterned amino acid sequences are driven by the hydrophobic effect to bury their non-polar faces against one another. Such interactions favor the self-assembly of amphiphilic peptides into multimeric structures (Xiong et al., 1995) and play an important role in the folding of globular proteins into tertiary structures with hydrophilic surfaces and hydrophobic cores (Bowie et al., 1990) . Polar/non-polar sequence patterning can be represented by a``binary code'', which speci®es the type of amino acid (polar versus non-polar) at each position, but not its precise identity. Because several different polar and non-polar side-chains are allowed, a given binary pattern is consistent with many different amino acid sequences. This potential for diversity has allowed binary patterning to serve as the primary constraint in designing large combinatorial libraries of de novo proteins (Kamtekar et al., 1993) . In such libraries the sequence locations of polar and non-polar residues are designed a priori. However, since the exact identity of the polar or non-polar residue at each location is not speci®ed, combinatorially diversity is facilitated. This constrained diversity is made possible by the organization of the genetic code in which polar residues are encoded by the degenerate DNA codon NAN, and non-polar residues are encode by the degenerate codon NTN (N denotes a mixture of DNA bases).
We previously reported the use of binary patterning to design combinatorial libraries of four-helix bundles (Kamtekar et al., 1993; Roy et al., 1997; Rojas et al., 1997; Moffet et al., unpublished results) . Our designed binary pattern used four copies of the a-helical pattern, **************. These were separated by short sequences designed to form helix caps and inter-helical turns.
Characterization of proteins isolated from that library demonstrated that they indeed folded into a-helical structures. None of the proteins isolated from the a-helical library formed large aggregates (Kamtekar et al., 1993; S. Roy & M.H.H., unpublished results) , suggesting that the designed amphiphilic helices bury their non-polar faces by intramolecular folding rather than by inter-molecular aggregation.
Recently, we have extended the binary code strategy by designing libraries of de novo b-strand structures (West et al., 1999) . In this case, our design was based on the alternating pattern, *******. Six copies of this pattern were interspersed with segments designed to form turns. Proteins isolated from this library exhibit properties dramatically different from those of the a-helical library: (i) they form structures dominated by b-sheet secondary structure; and (ii) these b-structures do not result from intra-molecular folding into monomers or small oligomers, but occur in the context of large inter-molecular aggregates. Electron microscopy and atomic force microscopy of these aggregates revealed long thin ®brils. Further characterization demonstrated that these ®brils recapitulate many properties of the amyloid structures found in Alzheimer's disease and the prion-related diseases (West et al., 1999) .
Why did the ®rst library yield a-helical structures that fold intra-molecularly into small globular domains, while the second library yielded b-strands that assemble inter-molecularly into large aggregates resembling amyloid? The lengths of the sequences encoded by these two libraries are not dramatically different (74 versus 63 residues), nor are their overall amino acid compositions. The major difference is the binary patterning itself. In contrast to the ************** pattern, which favored folding into a-helical globular proteins, the alternating pattern, *******, apparently predisposes sequences to form b-strands that self-assemble into long ®brils.
If alternating patterns favor amyloid-like structures, one might expect such patterns to be toxic, and therefore disfavored by natural selection. To test this possibility, we analyzed a database of 250,514 natural protein sequences comprising 79,708,024 residues, and calculated the frequencies of alternating patterns relative to other patterns with similar compositions. The results of this search demonstrate that for``windows'' ranging from ®ve to ten residues, alternating patterns occur signi®cantly less frequently than would be expected from the overall composition of the database.
The protein sequences used in this study were derived from the OWL database (Bleasby et al., 1994) as obtained from the Bioinformatics Group at the University of Leeds. This database emphasizes stringent non-redundancy, which is extremely important for assessing the relative frequencies of various sequence patterns.
Binary patterns were de®ned as any continuous string of polar and non-polar amino acids with lengths ranging from ®ve to ten residues. Classi®-cation of a residue as either polar or non-polar was based upon two criteria: (i) the hydrophobicity scale described by Fauchere & Pliska (1983) , which is derived from the partitioning of amino acids between octanol and water; and (ii) the binary organization of the genetic code. In general, these two criteria led to the same choices of polar and non-polar amino acids. Residues included in the polar category were Arg, Lys, Asp, Glu, Asn, Gln and His. These are the seven most polar amino acids in octanol/water partitioning experiments (Fauchere & Pliska, 1983) , and all of them except the Arg residues are encoded by the degenerate codon XAN. (N represents any base. X represents C, A, or G. Exclusion of T from the ®rst position prevents stop codons and tyrosine residues.) Residues included in the non-polar category were Leu, Ile, Val, Phe and Met. These residues are encoded by the degenerate codon NTN. The polar and nonpolar amino acids used in this study are the same as those used in the earlier work by West & Hecht (1995) .
The expected probability for any binary pattern of polar and non-polar amino acids can be calculated from the amino acid composition of the database as a whole. In the OWL database the polar residues Arg, Lys, Asp, Glu, Asn, Gln and His occur 26,426,173 times and represent 33.15 % of the total number of residues. The nonpolar residues Leu, Ile, Val, Phe and Met occur 22,337,911 times and represent 28.02 % of the total number of residues. Therefore at any given position, the expected probability of ®nding a polar residue (P p ) is 0.3315, and the expected probability of ®nding a non-polar residue (P n ) is 0.2802. For a sequence pattern of length L, with X non-polar residues, the expected probability of that pattern is [(P n )
x (P p ) LÀX ]. For example, for the pattern *******, L 7 and X 3. Thus the expected probability of this pattern is (0.2802) 3 (0.3315) 4 0.000266. All cassettes containing the same number of polar and non-polar residues (e.g. four polar and three non-polar in this example) are expected to occur with the same probability.
The number of times a given pattern would be expected to occur in the database is simply the probability of that pattern multiplied by the number of windows of length L in the database. For a database represented as a continuous string of J residues, the number of windows of length L is [J À L 1]. When J4L, this approaches J. Thus, the expected number of occurrences for a pattern is [(P n ) X (P p ) LÀX (J)]. For example, for any pattern with three non-polar residues and four polar residues (e.g. *******), the expected number of occurrences is (0.2802) 3 (0.3315) 4 79,708,024 21,236. All patterns containing three non-polar and four polar residues would be expected to occur with this same frequency.
Although all patterns with the same polar/nonpolar composition are expected to occur with the same frequency, our search of the database demonstrated that such equal representation is not observed: some patterns occur far less frequently than others. As shown in Figure 1 , the alternating binary patterns occur signi®cantly less often than other patterns with the same polar/non-polar composition. For cassettes between ®ve and nine residues, the alternating patterns are the absolute rarest (Figure 1(a)-(h) ). For example, there are 20 possible ways of arranging three polar and three non-polar residues in a string of six residues. The two alternating patterns ****** and ****** rank 19th and 20th (see Figure 1(c) ). Likewise, there are 70 ways of arranging four polar and four non-polar residues in a string of eight residues. The two alternating patterns ******** and ******** rank as 69th and 70th (Figure 1(f) ). For windows of ten residues, the alternating patterns are not the absolute rarest. Yet even for these longer cassettes, the alternating patterns are among the least common (Table 1) .
The number of occurrences of an alternating pattern can be compared with the mean number of occurrences for all patterns with the same composition. For all windows ranging from ®ve to ten residues, alternating patterns invariably occur at least one standard deviation below the mean (Table 1) .
The results shown in Figure 1 and Table 1 demonstrate that in a large database of protein sequences derived from many different organisms, alternating patterns of polar and non-polar residues are signi®cantly underrepresented relative to other patterns with the same polar/non-polar composition.
Why has evolution selected against alternating binary patterns? It is dif®cult (and often impossible) to determine conclusively why evolution disfavors some options relative to others. However, one can study the properties of disfavored options (``the road less traveled'') by constructing arti®cial systems based on the very features that evolution has rejected. For the alternating binary patterns, such an experiment has been done. The alternating seven-residue pattern *******, which ranks 35th among the 35 possible patterns in Figure 1 (e), was used in the design of two combinatorial libraries of de novo sequences (West, 1997; West et al., 1999) . One library contained six repeats of the ******* pattern punctuated by turns, while the other library contained eight repeats of this pattern punctuated by turns. De novo proteins from both libraries were puri®ed and shown to form ®brils resembling those seen in amyloid diseases (West et al., 1999; Wang & M. H.H., unpublished results). Because these proteins were derived from combinatorial libraries, their individual sequences differed from one another considerably. The key feature these diverse sequences shared in common was the alternating pattern of polar and non-polar amino acids. Hence, it appears that this patterning drives their assembly into amyloid-like structures. Each line represents a``window'' of a given length and a particular composition of polar (*) and non-polar (*) residues. a Rank of binary patterns is shown graphically in Figure 1 . b Standard deviation for the number of occurrences of the alternating pattern relative to the mean number of occurrences for all binary patterns with the same speci®ed composition. Val, 5, 173, 861 (6.49 %) . Overall, the number of polar residues is 26,426,173 (33.15 %), the number of non-polar residues is 22,337,911 (28.02 %), and the number of``other'' residues is 30,943,940 (38.82 %) . To calculate the number of occur-Several other experimental studies have been performed on arti®cial systems containing alternating patterns of polar and non-polar residues. In pioneering work, Brack & Orgel (1975) demonstrated that polymers composed of alternating valine and lysine residues form b-structures that aggregate into large assemblies. More recently, Janek et al. (1999) showed that alternating valine and lysine residues can serve as model systems for studies of ®bril self-assembly. Zhang et al. (1993) found that 16-residue peptides composed of sequences that alternate between an alanine residue and a charged residue spontaneously assemble into large oligomeric structures dominated by b-sheet. Finally, Lim et al. (1998) described a de novo protein, Betabellin-15D, formed by the disul®de-mediated dimerization of a 32-residue peptide. The 32-mer was designed to form four b-strands, each containing six residues of alternating polar and non-polar residues. The resulting proteins formed structures visible in electron microscopy images as long narrow multimeric ®brils.
Sequences of Alternating Polar and Non-polar Amino Acids
The experimental results summarized above demonstrate that arti®cial sequences containing alternating patterns have a strong propensity to aggregate into amyloid-like ®brils. In natural systems, a similar tendency to form amyloid would compete with proper folding into globular protein structures. We propose that because such misfolding would present a severe disadvantage to the host organism, the alternating patterns were disfavored by evolutionary selection.
Based on these considerations one might expect the sequences of natural amyloidogenic proteins to be rich in alternating polar/non-polar patterns. We found, however, that the patterns in these sequences are similar to those in the database as a whole. Although initially surprising, this similarity is exactly what should be expected. The amyloid found in diseased tissues is an off-pathway misfolded structure (Wetzel, 1997; Kelly et al., 1997) . The amino acid sequences of amyloidogenic proteins did not evolve to form amyloid. They evolved to fold into globular structures capable of performing functions bene®cial to the organism. As expected, their amino acid sequences re¯ect this evolutionary history.
In addition to noting the under-representation of alternating patterns, we also asked which patterns are preferred. Analysis of the 250,514 sequences in the database showed that binary patterns consistent with amphiphilic a-helices occur considerably more often than other patterns with the same polar/non-polar composition. For example, the binary pattern used in the designed a-helical library of Kamtekar et al. (1993) was the 14-mer **************. Analysis of the database showed that for windows ranging from ®ve to ten residues, segments of this amphiphilic a-helical pattern are preferred over other patterns with the same polar/non-polar composition. These ®ndings are consistent with earlier studies on smaller databases by Vazquez et al. (1993) and by our own group (West & Hecht, 1995) In summary, why does nature favor binary patterns consistent with amphiphilic a-helices while disfavoring those consistent with amphiphilic b-strands? Studies of designed combinatorial libraries suggest that for the construction of globular proteins, these two types of patterns have very different properties: patterns consistent with amphiphilic a-helices fold intramolecularly into small soluble structures. Hence, they are well-suited for constructing globular proteins and were favored by evolution. In contrast, patterns consistent with amphiphilic b-strands promote aggregation into amyloid-like ®brils. Such aggregation competes with (and may prevent) intramolecular folding. Consequently, alternating patterns are poorly ®t for constructing globular proteins and were disfavored by evolutionary selection.
rences for any given binary pattern, we treated the entire database as a continuous string of J residues. In a continuous string, the number of possible windows of length L is (J À L 1). When J4L, this simpli®es to J, and so the number of expected occurrence for a pattern is [(P n ) X (P p ) LÀX (J)] (see the text). In reality, however, the database is not a single string of amino acids, but 250,514 individual protein sequences. Therefore some of the windows counted in our calculation cannot actually contain patterns (they would span across different protein sequences). To assess whether this might lead to spurious results, we compared the number of windows that should have been excluded due to end effects with the number of windows in our continuous string of 79,708,024 residues. For M individual protein sequences, the number of windows that should be excluded due to end effects is M(L À 1). For example, when L 7, the number of windows that should be excluded is 250,514 (7 À 1) 1,503,084. The number of windows in our continuous string of 79,708,024 residues was [J À L 1] [79,708,024 À 7 1] 79,708,018. Thus the``forbidden'' windows included in the continuous string comprise less than 2 % of the total. Software to search the database and format the data was written in C and run on a SGI Indigo R3000 processor. Programs can be obtained from bmbroome@princeton.edu. The search employs a one pass sliding window, which tests the database protein sequences against a target cassette sequence. Only exact matches are recorded. For a collection of sequences (J total length of database as a single string) the search runs in K(J) time, where K equals the number of patterns tested in a single pass. Several machine speci®c optimizations were incorporated to increase the actual search speed. 
